In the European Union (EU), stroke is the second most common cause of death and a leading cause of adult disability.^[@R1]^ It affects ≈1.1 million inhabitants of Europe every year^[@R2]^ and causes 440 000 deaths.^[@R3]^ In 2017, the cost associated with stroke was estimated at €45 billion, including direct and indirect costs of care provision and productivity loss.^[@R1]^ As populations continue to grow and live to an older age, stroke events and their long-term sequelae, and the corresponding costs, are expected to increase dramatically.^[@R4]^ Future projection of the burden of stroke is therefore valuable for medium- and long-term planning and organization of stroke services and prevention activities.

Several authors have calculated projections of stroke for a specific region,^[@R5]^ country,^[@R6]--[@R10]^ or internationally,^[@R11]--[@R13]^ combining demographic projections with estimated future incidence and mortality rates. Those estimates were either based on the most recent age-specific rates^[@R5],[@R9]^ or obtained by extrapolation from past trends.^[@R6]--[@R8],[@R10]--[@R12]^ In a 2006 study,^[@R11]^ investigators used demographic projections up to 2025 together with WHO estimates of incidence rates to project incidence of stroke in all EU countries, plus Iceland, Norway, and Switzerland.^[@R14]^ They forecasted an increase in the number of incident stroke events from 1.1 million in 2000 to over 1.5 million in 2025 if the 2000's rates remained stable, and a lower but still significant increase to around 1.35 million if rates declined by 2% every 5 years. This approach predicts the number of stroke events that would arise from demographic changes with an arbitrary assumption about epidemiological trends over time. Incorporating significant predictors of stroke risk (eg, hypertension, smoking, and alcohol consumption) into the model can help to reduce uncertainty and improve reliability. However, scarcity of these kinds of data and their future projections across the EU limit the feasibility of such an approach. Incorporating a distal indicator could be an alternative. Previous GBD studies projecting heath outcomes have shown that measures of economic development such as the gross domestic product per capita (GDP) could be a useful proxy for the changes in risk factors and their management, socioeconomic status, and education, among other time-varying indicators.^[@R13],[@R15],[@R16]^

We aimed to use GDP as a holistic predictor of stroke events and outcomes to project not only stroke-associated incidence but also prevalence, deaths, and disability-adjusted life years (DALYs) lost over the next 30 years, after accounting for past trends, both overall in the EU and in individual countries. We combined GDP estimates, prepared by the World Bank, with GBD data and the United Nations' population projections to fit models that would (1) best describe the observed time-trends between 1990 and 2017 and (2) predicts future events up until 2047.

Methods
=======

All GBD data and materials have been made publicly available at the GBD Network and can be accessed at <http://ghdx.healthdata.org/gbd-results-tool>.

Projection Methods
------------------

Separate projection models by sex and age groups, in 5-year bands, were developed for 28 European countries to estimate time-trends in 4 stroke measures: incidence, prevalence, deaths, and DALYs lost. Each measure was modeled as a rate using historically observed data between 1990 and 2017. Instead of modeling the effects of multiple covariates, from the limited data that are available, our models predict stroke epidemiological profile as a function of 2 distal variables, which showed clear historical relationship with the outcome measures. These were time in years, a proxy measure which potentially reflects the effect of medical advances, and the average income per capita, measured as GDP and adjusted for purchasing power parity in 2011 US Dollars, a collective measure which indicates the indirect impact of economic development on health status. The former variable (time) captures the effects of accumulating knowledge and medical development, allowing the implementation of more effective health interventions, both preventive and curative, at constant levels of income.^[@R15]^ The latter variable (GDP) has shown to be a distant, yet strong, predictor of stroke outcomes.^[@R15],[@R17],[@R18]^

Three regression models were performed: linear, exponential, and Poisson. The Akaike information criterion was used to compare the fit of these formulations. In agreement with the Global Burden of Disease (GBD) methodology,^[@R15],[@R16]^ model selection suggested that exponential regressions provided the best fit for all measures in almost all age-sex-cohort groups and were therefore used to develop the final models (models parameters are detailed in Tables I and II in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.029606)).

The final regression equations took the following form:
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Where ![](str-51-2418-i001.jpg) is a constant term; ![](str-51-2418-i002.jpg) is the outcome rate for age group *a*, sex *k*, and country *i*; and *Y* and *T* denote GDP per person and time in years, respectively. Those age-sex-country-specific models used 2018 to 2047 GDP inputs from the World Bank to generate 30-year forecasts of rates beyond the reference year (2017). The methods used are generally similar to previous GBD studies,^[@R13],[@R15],[@R16]^ with more systematic procedure for model selection in addition to using updated inputs of stroke-specific data not only for incidence and mortality but also prevalence and DALYs.

Our forecast projected the absolute numbers of stroke incidence, prevalence, deaths, and DALYs by multiplying the projected rates in 2018 to 2047 by the corresponding age-, sex-, year-, and country-specific population projections. Estimates were then aggregated for presentation of the results in individual countries and overall in the EU. In addition, we calculated the absolute number of events that would occur if rates remained stable (baseline), decreased annually by 1% (optimistic), and increased annually by 1% (pessimistic) with reference to the 2017 observed rates. We reported age-adjusted incidence and mortality rates per 100 000 person-years, and prevalence and DALYs per 10 000 people using the direct method of standardization and the updated European Standard Population (2013) as a reference.^[@R19]^ Finally, the average annual percentage changes (AAPC) in the crude and age-adjusted rates were calculated by dividing the relative change between 2017 and 2047 by the number of years. All analyses were performed using the statistical software R version 3.5.0.

Model Validation and Forecasting Analysis
-----------------------------------------

We ran internal model validation and forecasting analysis comparing our methods to the most widely used demographic approach.^[@R20]^ We fitted our models using only data from 1990 to 2007 to forecast stroke outcomes during 2008 to 2017. Out-of-sample validation forecasts for 2008 to 2017 were then compared with the observed data in the same period. Accuracy was assessed over the test period using the root-mean-squared error.

Despite the scarcity of risk factors data, additional models were fitted in 2 countries (Sweden and the United Kingdom) where more complete data could be obtained from GBD during the study period. In these risk factors models, the changing prevalence of diabetes mellitus, hypertension, and atrial fibrillation were incorporated as direct predictors of stroke outcomes. Again, models were fitted to 1990 to 2007 data, then information on demography and risk factors during 2008 to 2017 was used to guide the forecasts during that period. Results were then compared to our models' using GDP as a distant predictor of stroke outcomes (Figures I and II in [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.029606)).

Data Sources
------------

We used the results of GBD 2017 to estimate patterns of stroke incidence, prevalence, deaths, and DALYs between 1990 and 2017.^[@R21]^ Count data were obtained on a national scale for 28 EU countries by age and sex groups. A wide range of data sources was used to estimate these measures which are described in detail previously.^[@R22]--[@R25]^ In brief, for the selected countries, systematic review of the literature was performed to identify ideal population-based studies. Only studies that used the WHO's definition of stroke^[@R26]^ with complete case ascertainment were included. Death registration data were provided to the WHO by Member States. In addition, population-based epidemiological studies, disease registers, and surveillance systems contributed to estimation of stroke mortality.^[@R13]^ Estimation of DALYs was based on calculation of 2 components: years of life lost because of death, and years lived with disability. Detailed methodology is described elsewhere.^[@R27],[@R28]^ One DALY represents a year of healthy life lost. All GBD data sources can be accessed via the GBD 2017 Data Input Sources Tool.

Population estimates and projections for each country were obtained from the United Nations (UN) Department of Economic and Social Affairs/Population Division.^[@R29]^ Future prospects were made according to a framework which accounts for the 3 demographic components of change―fertility, mortality, and international migration.^[@R30]^ We used the medium-variant assumption in our analyses, which assumes a decline in the fertility for countries where large families are still prevalent and a continuous decline in death rates throughout the age range. Historical and future indicators of economic development, as measured in GDP per capita, were obtained from the World Bank and the OECD online toolkits.^[@R31],[@R32]^ All data are deidentified and publicly available, and hence no ethics approval was necessary. Interactive online tools are also available to explore all data sources in detail.

GBD data on stroke incidence, prevalence, deaths, and DALYs were complete for all countries across the years (1990--2017). GDP data from the World Bank were missing for a few countries in the early years: 1990 to 1991 for Slovakia; 1990 to 1994 for Croatia, Estonia, Latvia, Lithuania, and Slovenia; and 1990 to 2000 for Malta. Autoregressive integrated moving average models were fitted to interpolate these missing values.

Results
=======

In 2017, ≈509 million people were residents in the EU. There were an estimated 1.12 million cases of incident stroke, 9.53 million prevalent stroke cases, 0.46 million stroke deaths, and 7.06 million DALYs lost (Table). By 2047, the population size is expected to remain relatively stable; however, there will be an additional 40 000 incident stroke cases (3% increase) and 2.58 million prevalent cases (27% increase). This is largely because of the projected changes in the population age structure, and, in particular, by an increase in the number of residents aged ≥70 years old (comprising 23% of the population in 2047 compared with 14% in 2017), in which stroke risk is the highest. Conversely, the declining trends in deaths and DALYs between 1990 and 2017 are expected to continue through 2047 (Figure [1](#F1){ref-type="fig"}), resulting in ≈80 000 fewer deaths (17% reduction) and 2.31 million fewer DALYs (33% reduction). The age-adjusted rates on the other hand for the 4 epidemiological measures are predicted to decline: 26% for incidence, 9% for prevalence, and 55% for both mortality and DALYs lost.

###### 

Changes in Population Count and Stroke Incidence, Prevalence, Deaths, and DALYs in the EU Between 2017 and 2047
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![**Historical trends and future trajectories of stroke incidence, prevalence, deaths, and disability-adjusted life years (DALYs) in the European Union since 1990 and up to 2047.** \*With reference to 2017 observed rates. †Constructed as detailed in Methods section.](str-51-2418-g003){#F1}

Figure [2](#F2){ref-type="fig"} illustrates the percentage changes between 2017 and 2047 in the counts of the EU population and stroke incidence, prevalence, deaths, and DALYs by age cohorts. Greater magnitude of change for older age groups is demonstrated for all measures, which reflects population aging and a larger, rising burden of stroke in older people. The expected increase in incident and prevalent stroke cases will be exclusive to those aged ≥70 years, whereas a reduction will be observed in the younger age groups. On the other hand, mortality and DALYs lost because of stroke will decline in all ages except people ≥90 years old.

![**Projected change in population, incidence, prevalence, deaths, and disability-adjusted life years disability-adjusted life years (DALYs) count by age group in the European Union (2047 vs 2017).**](str-51-2418-g004){#F2}

A breakdown of the absolute numbers by countries are provided in Figures III through VI in [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.029606). While several countries will experience a varying increase in numbers of incident strokes, others will have either no change or a decrease in numbers (Figure III in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.029606)). All but 7 countries (Estonia, Portugal, Italy, Hungary, Latvia, Romania, and Czech Republic) will experience an increase in the number of stroke survivors, and almost all countries will see a decline in the number of deaths and DALYs lost.

Projected crude and age-adjusted rates give account of future stroke epidemiology regardless of variations in population size and/or age structure. Figure [3](#F3){ref-type="fig"} demonstrates the estimated AAPC in the crude rates of stroke between 2018 and 2047. Most countries will continue past trends of increasing crude incidence and prevalence rates, while mortality and DALYs lost will decrease. Nevertheless, the age-adjusted rates are estimated to decline over the next decades in almost all countries, and an East-West gradient seems to persist (Figure [4](#F4){ref-type="fig"}). In 2047, our models predict age-adjusted rates ranging from 467 (Lithuania) to 92/100 000 (Italy) for incidence, from 428 (Lithuania) to 73/10 000 (Italy) for prevalence, from 267 (Bulgaria) to 10/100 000 (Austria) for deaths, and from 429 (Romania) to 23/10 000 (Austria) for DALYs lost (Figures VII through X in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.029606)). Between 2018 and 2047, the age-adjusted AAPC will range, for incidence, from --1.57 % (Portugal) to 0.48% (Lithuania); prevalence, --1.3 (Portugal) to 0.7% (Lithuania); deaths, --2.86% (Estonia) to 0.08% (Lithuania); and DALYs, --2.77% (Estonia) to --0.23% (Romania).

![**Projected average annual percentage change in the crude rates of incidence, prevalence, death, and disability-adjusted life years (DALYs) during 2018 to 2047.**](str-51-2418-g005){#F3}

![**Projected average annual percentage change in the age-standardized rates of incidence, prevalence, death, and disability-adjusted life years (DALYs) during 2018 to 2047.**](str-51-2418-g006){#F4}

Comparison of out-of-sample prediction and past data are shown in Figure [5](#F5){ref-type="fig"}. Results show that our models had lower prediction errors than Lee-Carther approach during the test period, indicating superior performance. For instance, our methods predicted stroke incidence during 2008 to 2017 with a mean error of 0.011 million cases whereas Lee-Carter mean error was 0.062 million strokes. Furthermore, our forecasts during this test period were similar to those obtained from risk factors models in the United Kingdom and Belgium (Figures I and II, respectively in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.029606)).

![**Prediction performance of different models in the European Union during a test period (2008--2017).** RMSE indicates root mean squared error which reflects the average deviation of the predictions from the observed values over evaluation years (2008--2017).](str-51-2418-g007){#F5}

Discussion
==========

This study provides country-specific projections of stroke burden in the EU up to 2047 using multiple modeling techniques building on GBD estimates. Unlike conventional projection approaches, not only did the current analysis account for demographic and epidemiological changes, but also prospects of economic development (measured in GDP per capita), a proxy measure for the complex changes in lifestyle, risk factors, and their management, and other environmental and behavioral factors.^[@R15],[@R17],[@R18]^ Previous GBD investigators carried out projections of mortality and DALYs for disease-specific^[@R13],[@R33]^ and compiled clusters of cause-of-death,^[@R15],[@R16]^ and presented the results on regional and global levels.^[@R13],[@R15],[@R16]^ In the current study, we analyzed 4 epidemiological measures for stroke in 28 EU countries, applying more rigourous model selection methodology, and using detailed and updated information to guide projections and produce more reliable estimates. Between 2017 and 2047, we predict an increase in the absolute count of stroke events in the EU by 3% (from 1.12 to 1.16 million), and stroke survivors by 27% (9.53 to 12.11 million), despite a projected decline in the corresponding age-standardized rates. Deaths and DALYs because of stroke are expected to decrease by 17% (0.46--0.38 million) and 33% (7.06--4.75 million), respectively.

Previous studies conducted in Europe^[@R5]--[@R10],[@R34]^ and other high-income countries^[@R35]--[@R37]^ also predicted rises in stroke numbers. The Stroke Alliance for Europe anticipated a 34% increase in incident stroke events between 2015 and 2035.^[@R34]^ In contrast, the current study forecasts a modest increase by 3% between 2017 and 2047. Methodological differences is likely to explain such disparity. Stroke Alliance for Europe and other previous projection studies were either based on a stable rates assumption or linear extrapolation of past trends. The former is likely to overestimate stroke events whereas the latter could lead to implausible increase/decrease in rates and the subsequent counts, and therefore these approaches are suboptimal. Furthermore, Stroke Alliance for Europe used the Eurostat population data which predict significant population ageing and growth, whereas the UN data, used in the current study, project a remarkable aging but a relatively stable population size. On the other hand, the age-adjusted incidence rates produced by our models are not divergent from past trends, an AAPC of --0.87% between 2018 and 2047 versus --1% reported in developed countries during 1970 to 2008.^[@R38]^ Truelsen et al^[@R11]^ used an arbitrary change of ±2%/5 years to project a range of stroke incidence in the EU between 2000 and 2025. The results, however, appeared to overestimate stroke events―the projected figures are larger than those already observed during 2000 to 2017. For instance, in 2015, ≈1.28 million new strokes were projected even under the optimistic scenario (−2%/5 years), which is still larger than the 1.1 million cases reported by GBD for the same year.^[@R21]^

By 2047, 2.4% of the EU population are estimated to have had a stroke―an increase of 28% compared with 2017 which may be explained as follows. As demographics change over time, older people will constitute a larger proportion of the EU population despite the relatively stable overall count projected for the future. Eventually, this factor will contribute greater number of patients with stroke who will have a greater chance of surviving the initial event for 2 reasons. First, many of these strokes will be milder in nature because of the ongoing advances and widespread implementation of primary prevention strategies,^[@R39],[@R40]^ and second, patients in the future are more likely to receive better care and treatment both in the acute and long-term stages after stroke. Consequently, a shift in stroke burden from mortality to morbidity is likely to be observed in the future. If disability levels among stroke survivors remain unchanged over the next decades, then the demand for rehabilitation and long-term care will increase by 27% in the EU. Economically, this increased demand will have to be borne by a smaller working age population (currently defined as those aged 15--64),^[@R41]^ which will in turn have implications in terms of increased workload and per capita financial burden. While several studies predict rising future costs of stroke,^[@R8],[@R9]^ there is some evidence that certain treatments (eg, thrombolysis, early supported discharge) can contribute to containing these costs.^[@R8],[@R42]^

For most EU countries, significant declines in stroke mortality have been reported since 1970.^[@R43]--[@R45]^ One study calculated an AAPC of −2.7% in the age-adjusted mortality rate between 1980 and 2016 across Europe,^[@R45]^ and a range of −1% and −4% was reported in seven Western European countries between 1980 and 2005.^[@R12]^ These estimates are comparable to our historical AAPC of --3.3% observed during 1990 to 2017, and our projected figure of −1.8% within the next 30 years (2018--2047). Indeed, past improvements in mortality are linked to better survival rates, partly because of advances in therapeutic options and acute management (eg, thrombolysis treatment and stroke unit care).^[@R46],[@R47]^ Wider application of these approaches together with implementation of newer treatment methods (eg, thrombectomy and centralized care provision)^[@R48]--[@R50]^ might therefore bring further reductions. However, mortality is not only determined by survival and case-fatality but also by incidence rate. Although it is difficult to ascertain which measure has a greater influence on mortality in absence of reliable survival data, the decline in stroke incidence and mortality suggests a greater contribution of incidence on mortality reduction.^[@R13],[@R38]^

Variation across EU countries in stroke incidence, prevalence, deaths, and DALYs has been documented in the past^[@R2],[@R43],[@R45],[@R51]^ and is noted in the current study. An East-West gradient will be observed in the future, and the most striking increase in the age-adjusted rate of stroke prevalence is expected in Lithuania (AAPC, 0.7%). It is also the only EU country which is predicted to witness an increase in stroke incidence (0.48%). Portugal on the other hand is estimated to have the greatest reductions in incidence (−1.57%) and prevalence (−1.3%). Possible improvement in health systems, case detection, and clinical diagnosis might have contributed to the apparent changes in stroke incidence and subsequent prevalence rates. However, differences in exposure to cardiovascular risk factors over time and their level of control could also account for the observed and projected geographic variations. For instance, Portugal achieved one of the greatest reductions in smoking rates between 1990 and 2014, whereas Lithuania is the only EU country which had a remarkable increase in alcohol consumption rates during the same period.^[@R52]^ In Estonia, significant reductions in stroke mortality and DALYs were observed (1990--2017) and are estimated to extrapolate into the future (AAPC, −2.86% and −2.77%, respectively). It is also one of the countries where prescription of antihypertensive and lipid-modifying drugs soared between 2000 and 2013,^[@R52]^ which might reflect improved primary and secondary prevention and hence reduced incidence and case-fatality. While some countries (eg, Portugal and Greece) had relatively higher rates of stroke incidence in the past and therefore larger capacity for improvement and steeper declines (1990--2017), others, such as Italy, France, and the United Kingdom, achieved further reductions from already lower rates. On the other hand, most Eastern European countries (eg, Lithuania and Romania), despite having the highest rates in the past, achieved modest declines, or even increases, which might indicate less efficient interventions. Such historical patterns will reflect in the future and are expected to persist. Our projections give an indication of the rates that could potentially be achieved across the EU with sustained public health efforts and suggest that further improvement is possible in most countries.

The current analysis combines large, international, and standardizsed datasets that are highly comparable; however, we emphasise that our estimates are based on a set of assumptions about future demographic, epidemiological, and economic trends. Therefore, our projections are simply visioning what the future may unfold if these assumptions hold true, and we emphasize that they need to be interpreted with this in mind. We did not take explicit account of trends in major stroke risk factors (eg, hypertension, smoking, and poor diet) because of scarcity of the data. If exposure to stroke risk factors increase, rather than decrease, with economic development, then our projections will be underestimates. More comprehensive projection models that specifically take account of these risk factors with further stratification by ethnic groups might be valuable. A recent GBD study developed a novel forcasting model which incorporates the relationships between the independent drivers of health captured within GBD.^[@R33]^ The model was used to estimate all-cause and disease-specific mortality, years of life lost, and life expectancy up until 2040, and the results were presented on regional and global scales. Adopting such an approach could be useful to better forecast other important disease-specific measures like incidence, prevalence, and DALYs by incorporating relevant and vital inputs to improve projections accuracy. We finally acknowledge that data quality may vary across the EU, which could make some estimates less certain than others particularly in Eastern European countries where epidemiological studies are less frequent.^[@R38]^ Nevertheless, this study provides a useful perspective on population health trends, which could have implications on health policy and priority setting.

In conclusion, the absolute burden of stroke was increasing and is expected to continue to increase over the next 30 years in most EU countries, particularly in Eastern states. With an estimated 27% increase in the number of people surviving a stroke in Europe, in combination with a reduced proportion of people at working ages, there is an imperative to make greater efforts to prevent stroke. This would be the most effective strategy to reduce the anticipated financial and logistic challenges facing countries with an already stressed healthcare systems.
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